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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

MENORANDUM 3-11-39L 

A WIND-TUNNEL INVESTIGATION TO EVALUATE THE 

AEXODYNAMIC PERFORMANCE OF THREE DIFFERENT AIRPLANE 

CONFIGURATIONS HAVING ARROW- AND DELTA-WING PLAN 

FORMS AT A MACR NUMBER OF 2.91" 

'By James N. Mueller and John E. Grimaud 

SUMMARY 

A wind-tunnel investigation to evaluate the aerodynamic performance 
of three basic airplane configurations referred to as the low-aspect- 
ratio arrow-, t6e high-aspect-ratio arrow-, and the delta-wing config- 
urations ha;s been made at a Mach number of 2.91 and Reynolds numbers 
of 0.8 to 1.6 x 106 in the Langley '+inch supersonic wind tunnel for 
angles of attack of -2O to 8 O  at an angle of sideslip of 0' and for side- 
slip angles of -60 to 4' at an angle of attack of Oo. 

Maximum lift-drag ratios obtained on the delta-, low-aspect-ratio 
arrow-, and high-aspect-ratio arrow-wing configurations were 6 . 3 ,  5.6, 
and 5.4, respectively, for the condition of all turbulent flow over the 
models and zero base drag. The results show that, for the low-aspect- 
ratio arrow-wing configuration, the pitching moment at the maximum lift- 
drag ratio can be reduced to zero by canting a forepart of the wing and 
body upward without loss in maxim lift-drag ratio, and that the pitching 
moment of the delta-wing configuration is near zero at the maximum lift- 
drag ratio for these tests. Extrapolation of'the maximum lift-drag ratio 
results to full-scale Reynolds number and with an assumed base-pressure 
coefficient of -1/M2 acting on the models (where M is the free-stream 
Mach number) gave values of 7.00, 6.07, and 7.23 for the low-aspect-ratio 
arrow-, high-aspect-ratio arrow-, and delta-wing configurations, respec- 
tively. All complete models show positive directional stability about a 
center-of-gravity location that is believed to be realistic. The effect 
of fuselage shape on the aerodynamic characteristics of the low-aspect- 
ratio arrow-wing configuration when the ogive-cylinder body was replaced 
with a 2/3-power half-body of equal volume is shown to be negligible on 
the maximum lift-drag ratio results and favorable in regard to trim at 
maximum lift-drag ratio. Estimated aerodynamic characteristics of the 
complete configurations are shown to agree well with experimental results. 



INTRODUCTION 
J 

The Langley Research Center i s  par t ic ipat ing i n  an accelerated 
research program t o  provide information on the design of a-ircraft con- 
f igurat ions capable of cruise f l ight a t  Mach numbers near 3 .  
program several  model configurations proposed f o r  cruise f l i g h t  a t  Mach 
numbers near 3 have been designed and tes ted.  Results of these investi-  
gations are reported i n  references 1 t o  6. Favorable l i f t - interference 
e f fec ts  (refs. 1 t o  5 ) ,  or  reduction i n  drag due t o  l i f t  (ref. 6) have 
been the design philosophy of the configurations reported on in  these 
references. 

In  t h i s  

A s  a continuing e f fo r t  of the program t e s t s  have been conducted 
i n  the Langley +inch supersonic wind tunnel on several airplane con- 
f igurat ions which w e r e  designed with the view of minimizing wave drag. 
All components of the airplanes were made as th in  as was considered 
practicable.  
thin-element configurations and on modifications t o  them. 
basic configurations are  herein referred t o  as the low-aspect-ratio 
arrow-, high-aspect-ratio arrow-, and delta-wing configurations. 

This paper presents results obtained on three of these 
The three 

"he tests were made a t  a Mach number of 2.91 i n  the Reynolds num- 
6 

ber range 0.8 t o  1.6 x 10 
models. Tests extended over anangle-of-attack range of -2O t o  Bo a t  
an angle of s ides l ip  of 0' and a sideslip-angle range of -6O t o  4 O  a t  
an angle of a t tack  of 0'. 

w i t h  and without t rans i t ion  fixed on the 

SYMBOLS 

A *  aspect r a t io ,  b2/S 

b wing span 

c' wing mean aerodynamic chord 

L i f t  l i f t  coeff.icient, - 
qs 

CL,opt lift coeff ic ient  a t  maximum L/D 

CD 
Drag drag cqefficient,  - 

ss 

C D , ~ ~ ~  minimum drag coefficient 



3 . 
- 
F zero-lift drag coefficient 

skin-friction drag coefficient 

side-force coefficient, 
\ 

Side force 
Cls 

Yawing moment yawing-moment coefficient, 
\ 

CD,f 

CY 

Cn 

pb - Po0 base-pressure coefficient, 
s, 

pitching-moment coefficient, Pitching moment 
qSE Cm 

pitching-moment coefficient at zero lift 

pitching-moment curve slope 

dCn dCy lateral-stability parameter 

lift-curve slope 

longitudinal-stability parameter 

cn!3 
directional-stability parameter 

side-force parameter 

drag-due-to-lift parameter 

lift-drag ratio 

Mach number 

static pressure 

M 

i dynamic pressure ' 

Reynolds number 
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S wing area 

V body volume 

X longitudinal distance measured from leading edge of wing mean 
aerodynamic chord 

longitudinal center-of-pressure location referenced to leading 
edge of wing mean aerodynamic chord xcpp 

a angle of attack 

P angle of side slip 

E wing semiapex angle 

CL Mach angle 

Subscripts: 

maX maximum 

b base 

CP center of pressure 

m. free stream 

CONFIGURATION DESIGNATIONS 

The various components of the configurations are designated as 
follows : 

Low-aspect-ratio arrow wing: 

B ogive -cylinder body 

B' modified ogive-cylinder body 

2 / 3  -power half -b ody 

wing-tip fins at 0' toe-in 

B1 

F1,o 
P 

F1,5 wing-tip fins at 5' toe-in 
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W1 wing 

N6,N4, ... 
N6' ,N4', . . . 

six nacelles, four nacelles, etc. 

nacelles displaced O.O91b/2 further outboard than original 
location 

- *  

(Fa fixed transition 

High-aspect-ratio arrow wing: 

B2 2 /3\-power half -b ody 

w2 wing 

F2,o wing-tip fins at 0' toe-in 

six nacelles fi6 

(Fa fixed transition 

Delta wing: 

2/3 -power half -body B3 

B3,ext ~. extended 2/3-power half-body 

333' ,ext modified extended 2/3-power half-body 

w3 wing 

N6,N4, ... 
v vertical tail 

six nacelles, four nacelles, etc. 

large wing-tip fins 

FS small wing-tip fins 

FL 

9, inv 2/3-pwer half-body mounted to upper surface of wing 

J 
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Vinv 

N6, inv 

The 

v e r t i c a l  t a i l  mounted t o  lower wing surface 

nacelles mounted t o  upper surface of wing 

APPARATUS AND TESTS 

Wind Tunnel, Balance, and Model Support 

investigation was conducted i n  the Langley 9-inch supersonic 
wind tunnel which i s  a continuous, closed-return type of tunnel with pro- 
visions f o r  the control of the humidity, temperature, and pressure of the 
enclosed a i r .  During the t e s t s  the  quantity of water vapor i n  the tun- 
ne l  a i r  was kept suff ic ient ly  low so t h a t  the e f f ec t  of water condensa- 
t i on  i n  the supersonic nozzle was negligible,  

Models 

d 

The balance system used i n  these t e s t s  w a s  a six-component, external 

A detailed description of t h i s  balance system i s  presented i n  
type which u t i l i zed  mechanical, self-balancing beams f o r  force measure- 
ments. 
,the appendix of reference 7. 

"he models were s t ing  mounted t o  the model support of the external  
balance system. '(See f i g .  l ( a ) . )  The s t ings were shielded from a i r  
loads by a movable windshield which was equipped wikh four pressure tubes 
open a t  the snout of the windshield t o  measure model base pressures. The 
streamwise gap between the base of the models and the snout of the wind- 
shield w a s  maintained a t  about 0.010 inch or  less f o r  a l l  t e s t s .  

n 

General.- The three d i f fe ren t  basic airplane configurations are 
shown i n  figures 1 t o  3 .  The configurations were complete i n  t h a t  they 
consisted bf a wing, body, nacelles, and v e r t i c a l  s tab i l iz ing  surfaces, 
such as  wing-tip f i n s  or ver t i ca l  ta i l ;  however, no movable control 
surfaces were employed on the models. Each model was equipped with s i x  
cyl indrical  nacelles externally mounted on sweptback, beveled pylons 
beneath the wings of the configurations. The nacelle dimensions w e r e  
the same f o r  a l l  configurations. Table I presents d e t a i l  dimensions of 
the nacelles and the other component par t s  of each configuration. 
2/3-power half -body fuselages shown on the configurations were selected 
on the basis of Cole's work presented i n  reference 8, and the ordinates 
for  these bodies are shown i n  tab le  11. The location of the selected a 

moment reference (center of gravity) on the models i s  shown i n  figures 1 
t o  3 .  

The 

me r a t i o  of body volume t o  wing area of a l l  configurations w a s  
!a 



J >  

) 7  7 
L 

,,eld approximate y constant (@ = 0.034 to 0.035 . Photographs of the 
S 

models are shown in figures 4 to 7. 

Low-aspect-ratio arrow wing.- A three-view drawing of the low-aspect- 
ratio arrow-wing configuration is shown in figure 1. 
and trailing-edge sweep angles of 67.4' and 26.6O, respectively. The wing 
tips were clipped and vertical wing-tip fins were affixed thereto. The 
wing section in a streamwise direction was a single, 2-percent-thick wedge 
with a sharp nose and blunt base. The lower surface of the wing was flat. 
One version of this configuratioc employed an ogive-cylinder body 
(fig. l(a)), and a second version was equipped with a 2/3-power half-body 
(fig. l(b)). The ogive-cylinder body is mounted to the wing in such a 
way that the flat lower surface of the wing is along the center line of 
the body, whereas the 2/3-power half-body is mounted directly to the flat, 
lower surface of the wing. 
configuration in which a forward portion of the wing and body was canted 
upwards 3L0 is shown in figure l(b). 
to change effectively the camber of the fuselage, by replacing approxi- 
mately 75 percent of the length of the upper surface of the body with a 
conical body segment (fig . 1( a) ) . 

The wing had leading- 

A modification to the 2/3-power half-body 
- 

The ogive-cylinder body was altered, 
2 

0 High-aspect-ratio arrow wing.- A three-view drawing of the high- 
aspect-ratio arrow-wing configuration is shown in figure 2. The wing had 
leading- and trailing-edge sweep angles of 67.4O and 49.3', respectively. 
The aspect ratio was 2.265. 
ment of wing-tip fins set at OO relative to free-stream direction. 
airfoil sections in streamwise planes were 2-percent-thick single wedges 
with sharp noses and blunt bases. 
flat. 
to the lower surface of the wing. 

\ 

u The wing tips were clipped for the attach- 
The 

The lower surface of the wing was 
This configuration was equipped with a 2/3-power half-body attached 

Delta wing.- A three-view drawing of the delta-wing configuration 
is shown in figure 3 .  The wing had a leading-edge sweep angle of 53.15O. 
The wing section in a streamwise plane is a symmetrical double wedge with 
the location of the maximum thickness at O.7Oc'. 

wing was based on some results of wing-alone tests performed on 3--percent- 

thick delta wings of the same airfoil sections. 
results presented in reference 9 showed that the maximum 
obtained at the highest wing tangent ratio (tan €/tan p) and the highest 
Mach number of the tests. (L/D = 10.8 at tan €/tan p = 1.85 and 
M = 2.41.) Also, the trend of. (L/D),= with increase in tangent-ratio 

The selection of this 
1 
2 

L/D was 
(See ref. 9. ) The 

L 

1 



value w a s  shown t o  be upward. 
t e s t s  was designed t o  have a tangent r a t i o  of 2.05 a t  the test  Mach num- 
ber of t h i s  investigation. The de l t a  wing was equipped with a 2/3-power 
half-body the length of which equaled the root chord of the wing. 
f i g .  3(a).) The wing yas a l so  equipped f o r  addi t ional  t e s t s  with a long 
2/3-power half-body i n  which a forward portion of the body protruded 
beyond the wing apex. 
length and long-body configurations was held constant. 
length-body configuration ( f i g  . 3 (a )  ) comprised three configurations : 
(1) a large t ip - f in  configuration, (2) a s m a l l  t i p - f in  configuration, 
and ( 3 )  a ve r t i ca l - t a i l  conf'iguration (no t i p  f i n s ) .  
configuration was equipped with only the v e r t i c a l  t a i l .  

Accordingly, the de l ta  wing of the present 
.' 

(See 

(See f i g .  3(b).  ) The body volume of the normal- 
The normal- 

The long-body 

T e s t  Conditions and Procedure 

The tests w e r e  made a t  a Mach number of 2.91 and Reynolds number 
of 0.8 t o  1.6 X 10 6 based on wing  mean aerodynamic chord. A l l  configura- 
t ions  were tes ted through an angle-of-attack range of -20 t o  8 O  a t  an 
angle of s ides l ip  of Oo and through an angle-of-sideslip range of -6' 
t o  40 a t  an angle of a t tack  of Oo. 
natural  boundary-layer t rans i t ion  on the models (smooth models) ; however, 
some tests were made with the models having roughness s t r i p s  with thick- 
nesses of 0.005 t o  0.008 inch attached t o  the upper and lower surfaces 
of the wings near the leading edges. The roughness s t r i p s  were composed 
of spherical  aluminum oxide pa r t i c l e s  and were attached t o  the wing 
surfaces by means of a p l a s t i c  adhesive. 
the location and s ize  of the roughness s t r i p s . )  

Most of the t e s t s  were made w i t h  

(See f i g .  1, f o r  example, fo r  Y 

Measurements, Corrections, and Accuracy 

L i f t ,  drag, pitching mofnents, side force, and yawing moments were 
measured on an external balance system. Angle of a t tack  and angle of 
s ides l ip  of the models were determined with an opt ica l  system f o r  indi-  
cating pi tch and yaw a t t i t ude  of the models. 
(1/16-inch-diameter) mirrors a re  attached t o  the models near the r ea r  
of the fuselages or  on the t i p  f i n s  or nacelles.  
an image from an external l i g h t  source onto a graduated scale .  A l i m -  
i t e d  number of t e s t s  were made i n  which the wing base pressures on the 
low-aspect-ratio arrow-wing configuration were measured over a Reynolds 
number range of 0.825 t o  3.06 x 10 6 . I n  other pressure t e s t s ,  the body 
base pressure on the low-aspect-ratio arrow wing equipped with a 
2/3-power half-body .were measured, and the nacelle flow character is t ics  
were determined. 
shown i n  figures 8 t o  10. 

I n  t h i s  system, small 

These mirrors r e f l e c t  

Some schlieren photographs of the various models are  
' 

e, 
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Standard corrections for sting-mounted models in the Langley 9-inch 
tunnel were applied to the drag data of the configurations to account 
for the difference between free-stream pressure and (1) the measured pres- 
'sure on the base of the fuselage and (2) the pressure in the fixed- 
windshield-shield-balance-box enclosure. This correction amounts to . 
correcting the base pressure of the fuselage to free-stream static- 
pressure conditions or to zero base drag. 
to the drag data to account for the wing base-pressure drag of the low- 
aspect-ratio and high-aspect-ratio arrow wings which have blunt trailing 
edges. 
measured on these configurations are within the range to be expected in 
flight. (CpYb = -0.1.) (See refs. 10 and 11.) 

No corrections were applied 

However, it is shown in figure ll that the wing base pressures 

Accuracy of the presented data based on balance calibration is esti- 
mated to be within the following limits: 

CL . . 
cm . . 
cy . . 
cn . . 
L/D . 
a, deg 
P I  deg 

CD . 

M . .  

R . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  k O . 0 0 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.0002 

kO.002 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.001 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.002 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.O1 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.03 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.05 

6 . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.02 x 10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

RESULTS AND DISCUSSION 

General 

In the discussion to follow the measured aerodynamic characteristics 
in pitch and sideslip of the three basic complete airplane configurations 
tested are presented first as basic plots showing component data. This 
presentation is followed by comparison plots showing the effects of the 
various airplane components on the longitudinal and lateral characteris- 
tics of each configuration. 
arrow-wing configurations; figs. 25 to 27 for the high-aspect-ratio arrow- 
wing configurations; and figs. 28 to 37 for the delta-wing configurations.) 
The experimental results are summarized in table 111. Summary plots are 
then shown for center-of -pressure variations (fig. 38) , drag-due-to-lift 
parameter (figs. 39 and 40), and lift-drag ratios (fig. 41) for the three 
basic complete airplane configurations. 

(See figs. 12 to 24 for the low-aspect-ratio 

The corrected wind-tunnel 
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lift-drag ratios obtained on the models are shown extrapolated to full- 
scale values in figure 42. 

Since the full-scale configurations at flight conditions are 
expected to have fully turbulent boundary-layer flow, and because of the 
relatively low Reynolds numbers of the present tests which preclude tur- 
bulent boundary-layer flow over most of the surfaces of the models, rough- 
ness strips were attached near the wing leading edges to induce boundary- 
layer transition artificially in a number of representative tests. 
cases where this technique was followed, the basic data symbols are flag- 
ged or else the data are so designated. However, more credence is given 
to the smooth or natural transition model data and the curves are faired 
accordingly. 
that the transition particles, which are of necessity large compared with 
model size, contribute some wave drag, the amount of which is not known. 
Also, as shown later, the estimated aerodynamic characteristics of the 
three basic complete models based on conditions of natural transition 
and the assumption of areas of laminar and turbulent flow over the models 
agree well with the experimental results. (The estimated aerodynamic 
characteristics of these models are presented in table IV.) 

In 

m e  natural transition data are used because it is felt 

Low-Aspect-Ratio Arrow Wing 

a 

.-_ 
z 

Basic data.- Figure 12 shows the pitch results of the individual 
tests on various configurations of the low-aspect-ratio arrow wing in 
component build-up sequence. 
tions to'the original model were made. The flagged symbols on some of 
the figures indicate the results of tests with a roughness strip affixed 
near the leading edge of the wing. 
of roughness strip.) 
the smooth (or natural transition) model. 
points are for the natural transition tests. 

Also shown are the tests in which modifica- 

(See fig. 1 for location and size 
The &lagged symbols represent data obtained for 

In all cases the faired data 

In general, the lift and pitching-moment data show good linearity 
at least up to maximum L/D. 
the configurations exhibit a stable slope. Theoretical estimates of 
lift, drag, and lift-drag ratio are shown for a complete model test in 
figure 12(d). 
the model lift was estimated, on ly  the wing was considered and the linear- 
theory lift-curve slope/of the isolated wing surface was calculated. 
Drag due to lift was assumed to be determined by the reciprocal of the 
lift-curve slope of the wing and zero-lift drag was obtained by the simple 
addition of the wave and skin-friction contributions of the component 
parts of the model. This method for estimating the theoretical coeffi- 
cient follows that used in reference 12. These estimated values of the 
aerodynamic characteristics are seen to be in good agreement with 

Also the pitching-moment curves for all 

(See table N for values of estimated quantities.) When 

d 

experiment. t 



It is observed that the effects of fixing transition on representa- 
tive models (see, for example, fig. l2(h)) are most evident in the drag 
and lift-drag ratio curves, as would be expected, and the decrease in 
lift-drag ratio due to fixing transition is not large for this model. . 

The measured aerodynamic characteristics in sideslip at a = 0' of 
the several low-aspect-ratio arrow-wing configurations are shown in fig- 
ure 13 .  
even for the model with no tip fins (BW1N6) although the value of 

A l l  the configurations exhibit positive directional stability, 

is small for this case. 

Effects 0f'trimming.- A s  the configurations tested in this investi- 
gation were without movable pitch-control surfaces, lift-drag ratios 
presented are those for the untrimmed condition of the configurations. 
However, it is known that a positive pitching-moment shift with minimum 
penalty to 
upward a portion of the wing and body forward of the center-of-gravity 
position or by fuselage camber as discussed in reference 13.  

(L/D),, can be achieved by simple means such as canting 

In order to investigate the effects of canting a portion of the wing 
to achieve trimmed conditions near (L/D)-, the low-aspect-ratio arrow- 
wing configuration with the 2/3-power half-body (BlWlN6tF1,0) was altered 

in that a portion of the wing was deflected upward 9'. (See fig. l(b).) 

The results obtained are shown in figure 14 along with ;the results 
obtained on the unmodified configuration. 
wing upward produced a significant increase in the positive value of 
&,o at no expense to (L/D)=. The pitching-moment data for the 
canted-wing configuration show a near trimmed condition at 
The of the two configurations are seen to be about the same. 
Also, no significant changes occurred in the drag polar or lift-curve- 
slope parameters. There is, however, a slight negative increase in the 
pitching-moment-curve slope when the wing is canted upward which is not 
desirable from control-force considerations. 

2 

It is seen that canting the 

(L/D),,. 
(L/D)mx 

In order to show the effects of fuselage camber on (L/D)-, a 
complete configuration BWlN6F1,o was altered by replacing approximately 
75 percent of the forward length of the upper surface of the ogive- 
cylinder body (the body portion above. the top surface of the wing) with 
a conical body segment. 
ure 15 a positive, although small, inerease in the value of the pitching 
moment through the lift range is achieved without any change to the 
maxhum value of L/D obtained on the original configuration. 

(See drawing in fig. l(a) .) A s  seen in fig- 
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Effects of tip fins.- The effects of tip fins with and without toe- 
in and no tip fins on the aerodynamic characteristics of a complete con- 
figuration are compared in figures 16 and 17. 
longitudinal results (fig. 16) show that the configuration with the 5O 
toe-in tip fins (BWlNQ?1,3) has a greater 
tion with Oo toe-in tip fins (BWlN@'l,o). 
pressure distributions the exact reasons for this result are not known. 
The tip-fin-equipped configurations exhibit greater longitudinal stabil- 
ity than the finless configuration as can be seen in the plot of Cm 
against CL. 

Tip-fin effects on the ' 

(L/D),, than the configura- 
In the absence of detail 

The effects of tip-fin angularity on the lateral characteristics 
are shown in figure 17. 
for this particular configuration, has a negligible influence on the 
directional stability. However, it should be pointed out that this 
result cannot be construed as being indicative of the effects of tip- 
fin toe-in on other configurations, since other test results (unpublished) 
have shown that the effect of toe-in is favorable on directional stabil- 
ity. A s  indicated by the positive slopes of the plots of Cn against 
p, all configurations indicate positive directional stability, even for 
the configuration which is without tip fins. 

It is seen that the angularity of the tip fins, 

Effects of fuselage shape.- In figures 18 and 19 the effects on 
the longitudinal and lateral characteristics, respectively, of changing 
fuselage shapes from the original ogive-cylinder body (BW1$ 'Fl,o) to 
a 2/3-power half-body mounted to the lower surface of the wing 
(BlW1N6'Fl,-,) arb shown. The effects on (L/D),, (fig. 18) are negli- 
gible. However, it should be pointed out that the L/D results shown 
are for the condition of zero base drag. A s  the base of the 2/3-power 
half -body fuselage configuration (BlWlN6'F1,0) is larger than the ogive- 
cylinder body configuration (BW1N6tFl,0), it would be expected that the 
(L/D )max of the configuration with the larger base would be less than 
that of the original configuration when the base drag is considered. 
, 

Probably the most significant advantage of the 2/3-power half-body 
is the favorable effect on pitching-moment characteristics. 
moment to be trimmed out at (L/D),, for this configuration 
(BIWIN~lFl,o) is about one-half that of the ogive-cylinder body config- 
uration ( BWlN6'F1,0) . 
stability . 

The pitching 

Both configurations indicate positive longitudinal 

.I 

The effects of fuselage shape on lateral characteristics are shown 
in figure 19 to be small. 

X 



Effects of nacelles.- Figure 20 shows the effects of the nacelles 
on the longitudinal characteristics of the low-aspect-ratio arrow-wing 
configuration (BW N F equipped with the ogive-cylinder body. The 
nacelles were successively removed in pairs starting at the inboard loca- 
tion. As would be expected, the (L/D),, values increase when the 
nacelles are removed, except for the case when the two inboard nacelles 
are removed and the (L/D),, remains practically unchanged. Compare 
configurations BW N F and BW N 4 F l,5.) 
ascribed to a favorable lift-interference effect generated by the inboard- 
nacelles body arrangement on the complete configuration (BW N F . The 
drag shows the'expected decrease as the nacelles are successively removed, 
but there is essentially no change in the slope of the curve for the vari- 
ation of Cm with CL with nacelle removal. A l l  configurations show a 
stable variation of Cm with CL. 

1 6 1,5) 

( This exception can probably be 1 6 1,5 

1 6  1,5) 

The inboard nacelles on a\ 2/3-power half-body configuration were 
also removed and the results are compared with the six-nacelle configura- 
tion in figure 21(a). 
obtained on the ogive-cylinder body configuration with and yithout the 
inboard nacelles. The removal of the inboard nacelles 
on the 2/3-power half-body configuration results in a (L/D),, increase 
of twice that obtained on.the ogive-cylinder Configuration, although 
small, which suggests that the favorable lift interference effects are 
less on this configuration than that on the ogive-cylinder body 
configuration. 

Also included in the same figure are the results 

(See fig. 21(b).) 

In figures 22 and 23 the effects of moving all nacelles outboard 
0 .Oglb/2 on the aerodynamic characteristics of the low-aspect-ratio 
arrow-wing configuration with the ogive-cylinder body (BWlN6'F1,0) are 
shown. 
(fig. 22) appear as a reduction in maximum lift-drag ratio when the 
nacelles are- displaced outboard. 
data where it is seen that the configuration with the nacelles outboard 
has slightly more drag, whereas the lift-curve slopes of the configura- 
tions are essentially the same. This result lends credence to the pre- 
ceding discussion on favorable lift-interference effects associated with 
nacelle placement close to the body. 

The most noticeable effects on the longitudinal characteristics 

This condition is reflected in the drag 

The effects on lateral characteristics of displacing the nacelles 
outboard are shown in figure 23. 
ment in Cy and Cn is noted, the slopes of 

significantly different for the different nacelle locations. 
drag is noted for the case where the nacelles are further outboard, 
however. 

Although an essentially constant incre- 
and Cy are not CnB P 

A higher 



Effects of Reynolds number.- In figure 24 the effects of Reynolds 
nuuiber on the force coefficients of two low-aspect-ratio arrow-wing con- 
figurations are shown. Figure 24(a) is for the ogive-cylinder body con- 
figuration (BW~N~IF~,~), and figure 24(b) is for 2/3-pawer half-body 
confi@ration (BlWlN6'Fl,o) . 
data with Reynolds number is seen to be the slight increase in lift-drag 
ratio with increase in Reynolds number for both configurations. 

The only significant change in the force 

High-Aspect-Ratio Arrow Wing 

The second model tested in the three basic airplane configuration 
series was a high-aspect-ratio arrQw wing equipped with a 2/3-power half- 
body (fuselage) mounted on the lower surface of the wing. "his model was 
similar to the law-aspect-ratio arrow swing with the 2/3-power half-body 
(previously discussed) in that the wing leading-edge sweep is unchanged 
and the six nacelles are identical in dimensions. 
sweep angle and span were increased, however, to obtain an aspect ratio 
of 2.265 which is approximately 51 percent greater than that of the low- 
aspect-ratio arrow wing. The high-aspect-ratio arrow wing was equipped 
with tip fin& at 0' toe-in similar to the low-aspect-ratio arrow wing. 
The results of the high-aspect-ratio arrow wing are presented in fig- 
ures 25 to 27. In figure 25, the measured aerodynamic characteristics 

, in pitch are shown for the natural-transition case (smooth model) and 
also for the fixed-transition case (denoted by the .flagged data points). 
It is seen that the 
which is only slightly higher than the values obtained on the low-aspect- 
ratio arrow-wing configuration ( B~W~NF;'F~,O, fig . 12( i)) . The lift-curve 
slope is linear in a narrow range of angle of attack (a = +20) with a 
gradual decrease evident as a is increased beyond a = 2'. The selected 
location of the moment reference center results in an unstable variation 
of the pitching moment with lift. 
through the angle-of-attack range. 
tion on the model is most noticeable in the drag polar where an increase 
in the drag, as would be expected, is noted (fig. 25). This increase 
in drag is reflected in a reduced value of (L/D),, of about 0.3. The 
estimated aerodynamic characteristics of the complete configuration are 
shown in figure 25 and are seen to agree well with the experimental 
results. (See table IV for estimated values.) The estimated character- 
istics were determined in the same manner as for the low-aspect-ratio 
arrow-wing configuration described previously. 

The wing trailing-edge 

(L/D),, for this Configuration is about 5.6, 

The moment curve is linear, however, 
The principal effect of fixing transi- 

In figure 26 the measured aerodynamic characteristics in sideslip 
The for the high-aspect-ratio arrow-wing configuration are presented. 

configuration i s  seen to be directionally stable at the angle of attack 
of these tests (a = 00). 
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In figure 27 the effects of Reynolds number on the measured aero- 
dynamic characteristics in pitch are shown. It is seen that the change 
in (L/D),, is small with negligible change in drag. 

Delta Wing 

Basic data.- The measured aerodynamic characteristics in pitch of 
the delta-wing configurations are presented in figure 28. 
shows the results on individual tests of the various configurations of 
the delta-wing airplane. 
where the model is without fixed-transition strips attached to the wing 
surfaces (natural transition). In the tests where fixed transition was 
used, the data are shown as flagged symbols. (The location and size of 
the roughness strips are shown in fig. 3 . )  In all cases the faired data 
points are for the natural transition tests. 

The figure 

Most of the data were obtained for the case 

In general, the lift and pitching-moment data exhibit good linearity 
through the range of angle of attack of the tests. The selection of the 
pitching-moment reference center on the model (0.5Oc') resulted in unstable 
variation of pitching moment with lift. But as seen from the figures 
(for example, fig. 28(e)) the complete configurations show near neutral 
stability, that is, small variation of Cm with CL. The effects of 
fixing transition are reflected in the lift-drag ratio curves as a rather 
large reduction in values as compared with the values for the 
natural transition data. (See, for example, fig. 28(e).) The reduction 
is of the order of 1 in 

(L/D)- 

(L/D)max. 

In estimating the theoretical characteristics of the models, the 
procedures as explained in the low-aspect-ratio arrow-wing section were 
used. The theoretical estimates are shown to agree with the measured 
data, as shown in a'representative case (fig. 28(e)). 
for estimated values.) 

(See table IV 

The measured aerodynamic characteristics in sideslip (at a = Oo)  
of several del@-wing configurations are shown in figure 29. A l l  the 
configurations show positive directional stability, including the con- 
figuration without directional stabilizing control surfaces B3W3N6. 
The variations of Cn and Cy with sideslip angle p are generally 
linear throughout the sideslip-angle range. 

Effect of tip-fin size.- In figures 30 and 31 the effects of the 
tip-fin size on longitudinal and lateral characteristics, respectively, 
of the delta-wing configurations are shown. The results are also com- 
pared with the configuration without tip fins. It is seen (fig. 30)  
that the configuration equipped with the large tip fins has a higher 

' 6  
... . , 



than the small tip-fin-equipped Configuration B W N6Fs). The 
robably be attributed to a more favorable end- 

(L/D),, ( 3 3  
high lift-dra 
plate effect higher 
figuration equipped with large tip fins is, however, more unstable than 
the conftguration with small tip fins which is nearly neutrally stable. 
The drag data show the configurations with no tip fins to have +.he least 
drag followed by the large and small tip-fin configurations in that order. 

ratio can 
Cb provided by the larger tip fins. The con- P r 

In figure 3lthe effects of tip-fin size on the lateral character- 
istics of the delta-wing configurations are shown. 
stability of the configurations is positive, including the configuration 
with no directional stabilizing surfaces, and the directional stability 
provided by the large tip fins (B~W~NQ'L) as indicated by the slope of 
Cn against B is about twice that provided by the small tip fins. The 
area of the large tip fins is over twice the area of the small tip fins. 
In addition to the difference in size of the tip fins, the geometry of 
the fins is very different. 

The direc-cional 

Comparison of tip-fin and vertical-tail effects.- In figure 32 a 
comparison of the effects on longitudinal characteristics of the delta- 
wing configuration equipped with a vertical tail (B3W3NfjV) and with the 
large tip fins (B~W~NQ'L) is shown. The maximum lift-drag ratio of the 
vertical-tail configuration is significantly greater than that of the 
large tip-fin configuration, and only slightly less than that for the 
configuration without directional stabilizing surfaces (B3W3N6). 
comparison of the drag curves shows that the addition of the vertical 
tail does not increase the drag, within measurable limits, over that of 
the configuration without directional controls ( B3W3N6). With reference 
to the moment data, it is seen that the vertical-tail configuration 
(B3W3N6V) is slightly unstable and has a low value of pitching moment 
at maximum L/D. 

A 

Figure 33 compares the lateral characteristics of the large tip-fin- 
equipped configuration with the configuration equipped with the vertical 
tail. The vertical tail has only about one-third the effectiveness in 
providing directional stability as that of the large tip fins. A sig- 
nificant increase in the side force provided by the wing-tip fins over 
that provided by the vertical tail is also evident in the plot of 
against P . 

C y  

Effects of fuselage modification.- Figure 34 shows the effects on 
the longitudinal chara,cteristics of the delta-wing configuration when 
the original body is replaced with an elongated body of the same volume. 
(See fig. 3(b).) The purpose of increasing the length of the body for- 
ward of the wing apex was an ate a favorable upwash field 
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over the wing upper surface and thereby improve the lift-drag ratio of 
the configuration by increasing the wing lift. However, as seen in fig- 
ure 34, the changes effected in the lift-drag ratio, pitching moment, 
and drag are negligible. 
configuration B3,extW3N6V) in the form of rounding off the sharp corners 
of the body at the juncture of the flat upper portion and curved under- 
surface to alleviate flow separation at the sharp edge ( B3 I ,extW3N6V) 
resulted in no change in the aerodynamic characteristics of the configu- 
ration, The pitching-moment data show that all the configurations are 
essentially trimmed at 
configurations are slightly unstable. The data presented here are for 
the fixed-transition case. 

A slight modification to the extended body 

( 

(L/D)mx, although the curves indicate that the 

Figure 35 shows that the effects of elongating the fuselage on the 
lateral characteristics of the delta-wing configuration are negligible. 

Effects of inverting fuselage.- The effect of inverting the fuselage 
(placing the fuselage on the upper wing surface) on the aerodynamic 
characteristics of the delta-wing configuration is shown in figure 36. 
The data show that a substantial loss in (L/D),, is incurred when the 
fuselage is placed on the upper surface of the wing. (The vertical tail 
has also been inverted or placed on the lower surface of the wing for 
this configuration (B3, invw&Vinv) . ) The plot cL against a snows 
that, when the fuselage is placed on the upper surface of the wing,  the 
angle of attack for maximum lift-drag ratio for this configuration is 
about 50 percent higher than that for the original configuration. 
decrease in 

The 
(L/D)mx can be attributed to the higher drag due to lift. 

Effects of nacelles.- In figure 37 the effects of nacelles on the 
longitudinal characteristics of the delta-wing configuration are shown. 
These data are for the fixed-transition case as indicated by the con- 
figuration designations on the figure. The lift-drag ratio shows the 
expected increase as the nacelles are successively removed in pairs 
starting with the inboard pair. The drag data show parallel behavior 
in that a decrease occurs when the nacelles are removed. 
moment data indicate that the complete configuration (B3W3N6V) has the 
least out-of-trim moment of the four configurations shown. The lift- 
curve slopes are essentially the same for all configurations, although 
the curves are displaced as the nacelles are removed. 

The pitching- 

Comparisons of the Basic Configurations 

Center of pressure.- The center-of-pressure variations of the three 
With exception of basic airplane configurations are shown in figure 38. 

- .  



the high-aspect-ratio arrow-wing configuration B2W$?@'2,0), the varia- 
tion of the center of pressure of the configuration is small over the 
angle-of-attack range of the tests. 
figurations ( B J W ~ N ~ V  and B3W3N6Fs) exhibit near neutral stability. 
high-aspect-ratio arrow-wing and delta-wing configurations have an unstable 
center-of-pressure location based on the selection of the moment reference 
center of these models. 

\ ( 
It is seen that the delta-wing con- 

The 

Drag due to lift.- In figure 39 the drag due to lift of the three 

The infinite-aspect- 
basic airplane configurations is plotted and the results are summarized 
in figure 40 as a function of wing aspect ratio. 
ratio value of the drag-due-to-lift parameter is also shown in this fig- 
ure. 
configurations shown, the high-aspect-ratio arrow wing having the largest 
value. 

The delta wing had the lowest drag due to lift of the three basic 

Lift-drag ratio (wind tunnel).- In figure 41(a), the lift-drag ratios 
of the three basic configurations are shown for the case where the models 
were tested under conditions of natural boundary-layer transition (smooth 
models). In figure 41(b) the drag data have been corrected as noted and 
the corresponding lift-drag ratio results are shown. The increment in 
skin-friction drag (as shown) was used to correct the model drag to all- 
turbulent flow. No correction for CD,b for the low-aspect-ratio arrow 
wing with the ogive-cylindw body BWlN6F1,5) is shown, inasmuch as this 
correction has already been applied in the initial data reduction. 
corrections shown for nacelle internal skin-friction drag and nacelle 
internal-pressure drag are for six nacelles. The internal skin-friction 
drag was calculated on the basis of a laminar boundary layer and with 
the assumption of free-stream Mach number within the nacelles. 
ref. 14. ) The final (L/D),, ratios are shown to be 6.3 for the delta- 
wing configuration ( B3W3N6V), 5.6 for the low-aspect-ratio arrow-wing 
configuration ( B W I N ~ F ~ , ~ )  , and 5.4 for the high-aspect-ratio arrow-wing 
configuration (B2W2N6F2,0). 

( 
The 

(See 

These values are for the case where the 

z 

$. 

base drag is zero. 

Lift-drag ratio (full-scale extrapolation).- In figure 42 the all- 
turbulent (L/D),, values of the three basic airplane configurations 
are shown extrapolated to a full-scale Reynolds number of 10 . The 
unflagged symbols denote the case where the base drag of the models is 
zero, whereas the flagged symbols denote the condition whereby the base- 
pressure coefficient on the models is assumed to be It is seen, 
that for the case in which base drag is considered, the extrapolated 
results for the delta-wing, low-aspect-ratio arrow-wing, and high-aspect- 
ratio arrow-wing configurations are 7.23, 7.00, and 6.07, respectively. 

8 
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The low-aspect-ratio arrow-wing conf'iguration with the smallest base 
area of the three configurations has the lowest base drag and, conse- 
quently, the least loss. in (L/D)msx due to base drag. Consequently, 
the (L/D1,, of this configuration approaches closely that of the 
delta wing. 

L 
,1 
8 
.3 
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CONCLUSIONS 

A wind-tunnel investigation to evaluate the aerodynamic performance 
of three basic Birplane configurations referred to as the low-aspect- 
ratio arrow-wing, the high-aspect-ratio arrow-wing, and the delta-wing 
configurations has been made at a Mach number of 2.9lin the Reynolds num- 
ber range of 0.8 to 1.65 x 10 . 
from the results: 

6 The following conclusions are drawn 
r' , 

1. Lift-drag-ratio results obtained on the low-aspect-ratio arrow- 
wing, high-aspect-ratio arrow-wing, and delta-wing configurations for 
the conditions of all-turbulent flow on the models and zero base drag 
show values of maximum lift-drag ratio 
respectively. 
ratio arrow-wing configuration at 
canting the nose upward without loss in 
moment of the delta-wing configuration is near zero at 
these tests. 

(L/D)- of 5.6, 5.4, and 6.3, 
Results show that the pitching moment of the low-aspect- 

(L/D),, can be reduced to zero by 
(L/D)-, and that the pitching 

(L/D),, for 

2. Lift-drag ratio results extrapolated to full-scale Reynolds num- 
-1b* ber (lo8) and the condition that the base-pressure coefficient is 

(M denoting Mach number) showed the delta-wing configuration to have a 
(L/D)- of 7.23 as compared with values of 7.00 and 6.07 for the low- 
and high-aspect-ratio arrow-wing configurations, respectively. 

3. A l l  complete configurations show positive directional stability 
for a center-of-gravity position that is believed to be realistic. 

4. The effects on the aerodynamic characteristics of the low-aspect- 
ratio arrow-wing configuration when the fuselage was changed from the 
ogive-cylinder body to a 2/3-power half-body of the same volume is shown 
to be negligible on 
lift-drag ratio. 

(L/D)=x and favorable in regard to trim at maximum 



5 .  Estimated aerodynamic characteristics of the complete configura- 
tions are shown to agree well with experimental results. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., December 19, 1958. 
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TABLF: I.- DIMXNSIONS OF MODELS 

(a) Low-aspect-ratio arrow-wing configuration 

Wing : 
Area, sq i n .  . . . . . . . . . .  
Span, i n .  . . . . . . . . . . .  
Root chord, i n .  . . . . . . .  
Tip chord, in .  . . . . . . . .  
Taper r a t i o  . . . . . . . . . .  
Mean aerodynamic chord, in .  . 
Leading-edge sweep angle, deg . 
Trailing-edge sweep angle, deg 
A i r f o i l  sec t ion  . . . . . . . .  

Aspect r a t i o  . . . . . . . . .  

Thickness chord r a t i o ,  percent 
Location of maximum thickness . 

Tip f in s :  
Area, sq in .  . . . . . .  
Height, i n .  . . . . . .  
Tip chord, i n .  . . . . .  Root chord, i n .  . . . .  
Aspect r a t i o  . . . . . .  
Taper r a t i o  . . . . . . .  
Leading-edge sweep angle, 
A i r f o i l  sect ion . . . . .  
Thickness, i n .  . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . .  . . . . . .  

wing 
18.212 

6.000 
5.224 

1.308 
1.4% 
0.214 
4.156 
67.4 
26.6 

Single wedge, f l a t  
lower surface 

2 
"ra i l ing  edge 

a t e r e d l  wing 
18.104 
5.045 
6.000 

0.209 

26.6 

1.251 
1.405 

4.150 
67.4 

Single wedge, f lat  
' lower surface 

2 
Trai l ing  edge 

. . . . . . . . . . . . . . . . . . . .  0.850 . . . . . . . . . . . . . . . . . . . .  0.85 . . . . . . . . . . . . . . . . . . . .  1.50 . . . . . . . . . . . . . . . . . . . .  0.50 . . . . . . . . . . . . . . . . . . . .  0.85 
0.333 

deg . . . . . . . . . . . . . . . . . .  66.97 . . . . . . . . . . . . . . . . . . . . .  F l a t  p l a t e ,  beveled 

. . . . . . . . . . . . . . . . . . . .  

leading edge . . . . . . . . . . . . . . . . . . . .  0.010 

Nacelles : 
Length, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diameter, in .  . . . . . . . . . . . . . . . . . . . . . . . . .  
Fore-and-aft l i p s  beveled ex terna l ly  
Wall thickness, i n .  . . . . . . . . . . . . . . . . . . . . . .  

Nacelle s t r u t s :  
Length, in.. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Beight,  i n .  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . . . . . . . . . . .  
Trailing-edge sweep angle, deg . . . . . . . . . . . . . . . . .  
Thiclmess, in .  . . . . . . . . . . . . . . . . . . . . . . . . .  

h i n g  a l t e r ed  t o  place t i p  f i n s  a t  00 toe-in. 

1.50 
0.25 
0.015 

0.60 
0.100 
0.010 

45 
45 

, 



TABU I.- DIMENSIONS OF MODELS - Continued 

(b) High-aspect-ratio arrow-wing configuration 

Wing: 
Area, sq in.  . . . . . . . . .  
Span, in .  . . . . . . . . . .  
Root chord, i n .  . . . . . . .  

Taper r a t io  . . . . . . . . . .  
Tip chord, in .  . . . . . . . .  
Aspect r a t i o  . . . . . . . . . .  
Mean aerodynamic chord, in.  
Leading-edge sweep angle, deg . 
Trailing-edge sweep angle, deg 
A i r f o i l  section . . . . . . . .  

. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  
Thickness chord r a t io ,  percent chord 
Location of maximum thickness . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . .  . . . . . .  

. . . . . .  15.90 . . . . . .  -6.00 . . . . . .  4.50 . . . . . .  0.80 . . . . . .  2.265 . . . . . .  0.178 . . . . . . .  3.078 . . . . . .  67.4 . . . . . .  49.4 
Single wedge, f l a t  

lower surface . . . . . .  2 
Wing t r a i l i n g  edge 

Tip f in s :  
Area, s q  in .  . . . . . . . . . . . . . . . . . . . . . . . . .  0.56 
Height, i n .  . . . . . . . . . . . . . . . . . . . . . . . .  0.80 
Rbot chord, i n .  . . . . . . . . . . . . . . . . . . . . . .  1.10 
Tip chord, i n .  . . . . . . . . . . . . . . . . . . . . . . . .  0.30 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  1.142 
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  0.273 
Leading-edge sweep angle, deg . . . . . . . . . . . . . . . .  63.43 

Thickness, in .  . . . . . . . . . . . . . . . . . . . . . . .  0.010 

Ai r fo i l  section F l a t  p la te ,  beveled 
leading edge 

Nacelles: 
Length, in .  . . . . . . . . . . . . . . . . . . . . . . . .  1.50 
Diameter, in .  . . . . . . . . . . . . . . . . . . . . . . .  0.25 
Wall thickness, in .  . . . . . . . . . . . . . . . . . . . .  0.015 
Fore-and-aft l i p s  beveled externally 

Nacelle struts : 
k n g t h ,  i n .  . . . . . . . . . . . . . . . . . . . . . . . .  0.60 

Thickness, i n .  . . . . . . . . . . . . . . . . . . . . . . .  0.010 
Height, in .  . . . . . . . . . . . . . . . . . . . . . . . .  0.10 

Leading-edge sweep angle, deg 45 
Trailing-edge sweep angle, deg 45 

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
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TABLE I.- DlMENSIONS OF MODELS - Concluded 

( c) Delta-wing configuration 

wing: 
Area, s q i n .  . . . . . . . . . . . . . . . . . . . . .  
Span, in. . . . . . . . . . . . . . . . . . . . . . . .  
Root chord, in .  . . . . . . . . . . . . . . . . . . .  
Tip chord, in .  . . . . . . . . . . . . . . . . . . . .  
Aspect r a t io  . . . . . . . . . . . . . . . . . . . . .  
Taper r a t io  . . . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic chord, in .  . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . . . . . .  
Airfoil  section . . . . . . . . . . . . . . . . . . . .  Symmetrical 
Thickness chord rat io ,  percent . . . . . . . . . . . .  
Location of maximum thickness, percent chord . . . . .  

Tip f ins :  Small 
Area, sq  in .  . . . . . . . . . . . .  0 -563 
Height, in. . . . . . . . . . . . .  1 a 5 0  
Root chord, in .  . . . . . . . . . .  0 -75 

0 Tip chord, in .  . . . . . . . . . . .  
0.40 Aspect r a t io  . . . . . . . . . . . .  . . . . . . . . . . . . .  0 Taper r a t io  

Leading-edge .sweep angle, deg . . . .  45 
Airfoil  section . . . . . . . . . . .  Flat  plate, beveled 

Thickness, in.  . . . . . . . . . . .  0.010 
leading edge 

Vertical ta i l  : 
Area, sq in .  . . . . . .  
Height, in. . . . . . .  
Root chord, in. . . . .  
Tip chord, in .  . . . . .  
Aspect r a t i o  . . . . . .  
Taper r a t io  . . . . . . .  
Leading-edge sweep angle, 
Airfoil. section . . . . .  
Thickness, in .  . . . . .  

. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
deg . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  

Nacelles : 
Length, in. . . . . . . . . . . . . . . . . . . . . .  
Wall thickness, in.  . . . . . . . . . . . . . . . . .  D i a m e t e r ,  in. . . . . . . . . . . . . . . . . . . . .  
Fore-and-aft l i p s  beveled externally 

18.750 
7.50 
5 -00 

0 
3 
0 

3.333 
53 -15 

70 

double wedge 
2 

Large 
1.250 
1 .oo 
1.500 
1 .oo 

0.800 
0.667 

45 
Flat  plate, beveled 

leading edge 
0.010 

0.468 
0.75 

0 
1.21 

0 
53 013 

Flat  plate, beveled 
leading edge 

0.010 

1.250 

1.50 
0.25 
0.015 

Nacelle s t ruts :  
Length, in. . . . . . . . . . . . . . . . . . . . . .  . 0.60 
Height, in .  . . . . . . . . . . . . . . . . . . . . .  0.10 
Thickness, in.  . . . . . . . . . . . . . . . . . . . .  0.010 
Leading-edge sweep angle, deg . . . . . . . . . . . . .  45 
Trailing-edge sweep angle, deg . . . . . . . . . . . .  45 



TABLE 11.- ORDINATES FOR  POWER HAW-BODY FUSELAGES 

Arrow-wing configurations Delta-wing configurations 

Low aspect ratio 

x, in. 

0 
305 

.610 
915 

1.220 
1.525 
1.830 
2 135 
2 440 
2.745 
3 0050 
3 355 
3.660 
3 9 965 
4.270 
4.575 
4.880 
5 -185 
5 *4go 
5.795 
6.100 

r, in. 

1 
.0466 
0739 
0969 
1173 

.1362 
1538 

.I704 

.1863 

.mi5 

.2161 
2303 

.2441 
2575 
2705 

.2832 
2957 
3079 
3198 
3316 
3431 

Bigh aspect ratio I( Short 

x, in. 

0 
.225 
.450 
675 

.goo 
1.125 
1.350 
1.575 
1.800 
2.025 
2.250 
2.475 

2 925 
3 J50 
3.375 
3.600 
3.825 
4.050 
4.275 
4 300 

2.700 

0 
.0506 
d o 3  
,1052 
.1275 
* 1479 
.1670 
.1851 
.2024 
.2189 
2349 
2503 

.2652 
2797 

9 2939 
3077 
3=3 
3345 

9 3475 - 3603 
3728 

0 
.250 
500 
-750 
1.000 
1.250 
1.500 
1.750 
2.000 
2 250 
2.500 
2.750 
3.000 
3 250 
3.500 
3.750 
4.000 
4.250 
4.500 
4.750 
5.000 

r, in. 

0 
.0522 
.0829 
.lo86 
.1316 
9 1527 
.1724 
* 1911 
2089 

.2260 
e 2464 
2583 - 2737 

.2887 
3034 
3176 
3316 

.3453 
3587 
3719 

.3848 

Long 

x, in. 

0 
350 

.700 
1.050 
1.400 
1.750 
2.100 
2.450 
2.800 
3 0 150 
3.500 
3 9 850 
4.200 
4 *550 
4 . 9 0  
5 250 
5.600 
5 0950 
6.300 
6.650 
7.000 

r, in. 

0 
.0441 
.0700 
.0g18 . l l 1 2  
.1290 
01457 
.1615 
1765 
1909 

.2048 

.2182 
2313 

.2440 
2563 

.2684 

.2802 
2917 

-3031 
.3142 - 3251 

P 



Configuration Test 
designation I 

Bw1N6F1, 0 

B1WlN4F1,0 (FT) 
BwN6F1,o 

BW N F 

Bw1N4F1,5 
BwlN!$?l, 5 
BW1F1,5 
Bw1N#1,5 
Bw1N6 
Bw1N6 

1 6  1,5 

BWlN#l,O 
BWlN@l,O 
B'WlN@1,0 
Bw1N6F1 ,O 

Pitch 

Pitch 
Pitch 

Pitch 
Pitch 
Pitch 
Pitch 

Yaw I 
Yaw 

Pitch 
Pitch 

Yaw 
Pitch 
Pitch 

Pitch 
1 Pitch 

Yaw 
Yaw 

~ ;;:; 
1 Pitch 
Pitch 
Pitch 
Pitch 
Pitch 

1 Yaw 
Yaw 

Pitch 
Pitch 
Pitch 

, 

ling base-pre 

I 
I 

ring base-pre 

lody base-pre 
I 

lacelle press 

.Olw 5.23 

. O l l O  5.40 

.Ol20 ---- 

.Oll7 5.25 

.0131 ---- 

. o u  5.46 

.0102 5.60 

.Om 5.22 

.OX20 5.32 

.Oll3 5.42 

.0103 5.58 

. o w  

.0107 ---- 

.0120 5.30 

. o m  5.47 

.01m 5.53 

---- 

TABLE 111.- SUMMARY OF FtESIJEIS 

(a) hr-aspect-ratio arrow wing 

R 

0.862 x 1C 
.a71 
.a62 
.851 
A31 
.a19 
-859 
.a69 
.a72 
A62 

1.600 
3.06 

1.600 
3.06 
-879 
.840 
2.76 
1.645 
1.652. 
1.657 
1.625 

.a75 
1 655 
1.632 
.a91 

1.705 
-857 
1.623 
1.634 
1.663 

1.630 

.825 

.825 

1.637 

1.580 



lXBT.23 II1.- SLiMMARY OF RESULTS - Concluded 

.0102 

.GOB 

.GO98 

.GO78 
io077 
.GO53 
.mgo 
.GO93 
.m93 
.0101 
.GO& 
.GO& 
.or09 
-0081 
. O W  
.GO& 

.0105 

.0100 

.w2 

.GO& 

.0079 

.GO55 

.on0 

.GO& 

.on0 

.GO81 

.OIL0 

(b) High-aspect-ratio arrow wing 

5.98 
6.15 ---- 
---- 
6.98 
8.42 
6.40 

6.13 

6.79 

---- 
---- 
---- 
---- 
---- 
5.75 
6.30 
5.71 
5.70 
5.90 
6.13 
6.75 
6 . 8 ~  
8.11 
5.50 
6.25 
5.80 
6.60 

Configuration 
designation Test 'D,mtn b)- 

Yaw 0.0112 ---- 
Pi t ch  .0140 5.11 
P i t c h  .014l 5.30 
P i t ch  .0137 5.25 
P i t c h  .0115 5.45 
Pi tch t .on0 5.55 

- 
Pitch 
Pitch 

Yaw 
Yaw 

Pitch 
Pitch 
Pi tch 

Yaw 
Pitch 

Yaw 
Pitch 

Yaw 
Yaw 
Yaw 

Pitch 
Pitch 
Pitch 
Pitch 
Pitch 
Pitch 
Pitch 
Pitch 

Pitch 
P i t &  
P i t &  
Pit& 
Pi t& 

- 

).122 
.115 
.---- 
.--e- 
.110 

.u2 

.120 

.lo2 

.Og4 

.---- 

.---- 

.---- 

.a_-- 
.l% 
.io3 
J-33 
.125 
.120 
.112 
so7  
.io6 
.090 

.113 

.io9 

.124 

.124 

- 

(c) Delta wing 

J 



c 

Boundary layer 

Laminar 
Laminar and turbulent 

"arbdent 
Turbulent 
Laminar and turbulent 

Laminar 

Laminar and turbulent 
4 

CD, F 

0.0012 
,0016 

.0002 

.O015 

.ooo4 

. O W .  

,0007 

0.0065 

TAKE IV.- SUlMAFX OF ESTIMATED AEBODYNMIC CHARACTERISTICS 

[ N a t u r a l  transit ion] 

(a) W-aspect-ratio m o w  wing (BW 1 N @ b 5 )  

- Laminar 27 
-- - 1- 

Turbulent 
Sketch a Sketch b 

Wing-tip f in s  (inboard) 
Scale: f u l l  s ize  

h e r  wing surface 
Scale: 1/3 model size 

Component 

Component 

Wing - 
Upper surface 
Lower surface 

(see sketch a) 
struts 
Nacelles 
Tip f i n s  

(see sketch b) 
Nacelle internal 

f r i c t ion  
Body 

'D,P 

Total 

wing.  . . . . . . . . . . . . . . . . . . . . . . . .  
Body. . . . . . . . . . . . . . . . . . . . . . . . .  
Nacelle . . . . . . . . . . . . . . . . . . . . . . .  
Struts . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip f in s  . . . . . . . . . . . . . . . . . . . . . . . .  
Nacelle internal pressure drag . . . . . . . . . . . .  
Total . . . . . . . . . . . . . . . . . . . . . . . .  

%in-friction ea& 

0.m5 
.om2 
.0004 
.om1 . 0001 
.om6 

0.0039 

GDJ0 = CD,F + CD,p = 0.0104; 
C b  = 1.4637/radians; 

'Laminar values determined from reference 14; turbulent values, from 
reference 15. 



(b) High-aspect-ratio arrow 

Component 

w i n g . . . . . . . .  . . . . . . . . . . . . . . . . .  
Bo,@ . . . . . . . . . . . . . . . . . . . . . . . . .  
Nacelles . . . . . . . . . . . . . . . . . . . . . . .  
Struts. . . . . . . . . . . . . . . . . . . . . . . .  
Tip fins . . . . . . . . . . . . . . . . . . . . . . .  
Nacelle internal pressure drag . . . . . . . . . . . .  
Base......................... 

Total . . . . . . . . . . . . . . . . . . . . . . . .  

Turbulent . 

Wansit ion 

CD,P 

0.0028 
-0007 
.ooo4 
.om1 
Io001 
.ooo6 
.OOOj 

0.0050 

, 
< 

Sketch a '\tz3: 
h e r  wing m a c e  % 

Scale: 1/3 model size 

\%ansit ion 

Turbulent 1 
sketch b 

Wing-tip fins (inboard) 
Scale: ~ul l  size 

sin-friction drag' 
- 

Component 

wing - 
Upper surface 
M e r  surface 
(see sketch a) 

struts 
Nacelles 
Tip fins 

(see sketch b) 
Nacelle internal 
friction 

B d Y  

Borndewy layer 

Laminar 
Laminar and turbulent 

Turbulent 
Turbulent 
Laminar and turbulent 

Laminar 

Laminar and turbulent 

CD,F 

0.0012 
.0016 

.oO02 

.OO15 

.ooo4 

. m 9  

.ooo4 

Total 

'Laminar values determined from reference 14; turbulent values, from 
reference 15. 



‘PABLE IV.- StJMMARY OF E S W W  AERODYNAMIC CHARACIIERISTICS - Concluded 

~ ~ 

Total 0.0049 

Pressure drag 

cD,P Component 

c 

. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
pressure drag . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  

(c) Delta wing (B3W3N6V) 

Max-. thick line 
Turbulenij ( 

0.0010 
.o006 
.0004 . 0001 
.ow1 
.0006 
.0003 

Sketch a 
Lower wing surface 

Scale: 1/3 made1 size 

Skin-friction drag’ 
I 

Component 

Wing - 
Upper surface 
Lower surface 
(see sketch a) 

struts 
Nacelles 
Vertical, tail 
Nacelle internal 
friction 

Bo& 

Boundary layer 

Laminar 
Laminar and turbulent 

Turbulent 
Turbulent 
Laminar 
Laminar 

Laminar and turbulent 

CD,F 

0.0012 
.0013 

. 0002 
,0012 
.o001 
.ooo6 

,0003 

_ _ _ _ ~  

wing.. . . . .  
Body.. . . . .  
Nacelles . . . .  
struts . . . . .  
Vertical tail . 
Nacelle internal 
Base.. . . . .  

I Total. . . . . . . . . . . . . . . . . . . . . . . .  .) 0.0031 

CD,o = CD,F + CD,~ = 0.0080; 
c b  = 1.4637/radians; 
cD/cL2 = 0.6832 radian. 

lLaminar values determined from refArence 14; turbulent values, from 
reference 15. 
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(a) Normal-length body configuration . 
Figure 3.- Three-view drawing of delta wing. A l l  dimensions are in 

inches unless otherwise noted. 
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(b) Long body configuration. 

Figure 3 . -  Concluded. 
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Figure 14.- Effect of canted nose on the longitudinal characteristics of 
the low-aspect-ratio arrow-wing configuration. 
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Figure 15.- Effect of forebody fuselage alteration on the longitudinal 
characteristics of the low-aspect-ratio arrow-wing configuration. 
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Figure 16.- Bfects of tip fins on the longitudinal characteristics of 
the low-aspect-ratio arrow-wing configuration. 
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Figure 17.- Effect of tip fins on the lateral characteristics of the 
low-aspect-ratio arrow-wing configuration. a = 0'. 
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Figure 18 .- Effects of fuselage shape on the longitudinal charac te r i s t ics  
of the low-aspect-ratio arrow-wing configuration. 
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Figure 19.- Effect of fuselage shape on the lateral characteristics of 
the low-aspect-ratio arrow-wing configuration. 
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Figure 20.- Effects of nacelles on.the longitudinal characteristics of 
the low-aspect-ratio arrow-wing configuration. 
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(a) 2/3-power half -body configuration. 

Figure 21.- Effect of removing the inboard nacelles on the longitudinal 
characteristics of the low-aspect-ratio arrow-wing configuration. 
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Figure 22.- Effect of moving nacelles outboard on the longitudinal char- 
acteristics of the low-aspect-ratio arrow-wing configuration. 
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Configuration 
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Figure 23.- Effect of moving nacelles outboard on the  lateral  character- 
i s t i c s  of the  low-aspect-ratio arrow-wing configuration. - -  
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Figure 27.- Effects of Reynolds number on the longitudinal characteris- 
B Z W ~ N ~ F ~ , ~ .  tics of the high-aspect-ratio arrow-wing configuration. 
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Figure 30.- Effect of tip fins on the longitudinal characteristics of 
the delta-wing configuration. 
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Figure 31.- Effect of tip f i n s  on the lateral characteristics of the  
delta-wing configuration. 
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Figure 32.- Effect of vertical tail and large tip fins on the longitudi- 
nal characteristics of the delta-wing configuration. 
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Figure 33.- Effect of vertical tail and large tip fins on the lateral 
characteristics of the,delta-wing configuration. 
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Figure 34.- Effect of body modification on the longitudinal character- 
istics of the delta-wing configuration. 
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Figure 35.- Effect of body modification on the lateral characteristics 
of the delta-wing configuration. 
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Figure 36.- Effect of inverting the body and vertical tail on the longi- 
tudinal characterfstics of the delta-wing configuration. 
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Figure 37. - Effect of nacelles on longitudinal characteristics of the 
delta-wing configuration. 
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(a) Low-aspect-ratio arrow-wing configurations. 
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(b) High-aspect-ratio arrow-wing configuration. 
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(c) Delta-wing configurations. 

Figure 39. - Drag-due-to-lift variation for the basic low-aspect-ratio arrow-, 
high-aspect-ratio arrow-, and delta-wing configurations. 
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(a) Measured wind-tunnel data. (Natural transition. ) 
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(b) Corrected wind-tunnel data. 

Figure 41.- Comparison of the L/D characteristics of the basic low-aspect- 
ratio arrow-, high-aspect-ratio arrow-, and delta-wing configurations. 
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